Abstract. Pressure sensors suitable for propulsion applications that utilize interrogation by fiber optics are described. To be suitable for many propulsion applications, sensors should have fast response, have a configuration that can be readily incorporated into sensor arrays, and be able to survive harsh environments. Microelectromechanical systems (MEMS) technology is utilized here for sensor fabrication. Optically interrogated MEMS devices are expected to eventually be more suitable than electrically interrogated MEMS devices for many propulsion applications involving harsh environments. Pressure-sensor elements are formed by etching shallow cavities in glass substrates followed by anodic bonding of silicon onto the glass over the cavity. The silicon is subsequently etched to form the pressure-sensitive diaphragm. Light emerging from a fiber is then used to interferometrically detect diaphragm deflection due to external pressure. Experimental results for static and dynamic pressure tests carried out in a shock tube demonstrate reasonable linearity, sensitivity, and time response.
Introduction
Microelectromechanical systems ͑MEMS͒ technology is effective for fabricating pressure sensors because the small and definite size of the sensing elements results in the desirable properties of large bandwidth and high sensitivity. Optical interrogation of these sensing elements is advantageous because ͑1͒ it is expected to be far superior to electrical interrogation in harsh environments, ͑2͒ multiple sensors, such as in an array, can use wavelength division multiplexing ͑WDM͒, which may be simpler and more effective than using electronic interrogation, and ͑3͒ optical fibers can connect sensor arrays to electronics, so that all electronics can be removed from harsh environments. In this paper we consider pressure sensors utilizing MEMS technology for sensor fabrication and interrogation by light propagating in optical fibers. We anticipate that these sensors will be applicable for propulsion applications, because their structure can readily be incorporated into arrays, they provide sufficiently fast response, and they have survived harsh environments.
Optical fiber sensors can have a large variety of configurations. 1 Optical pressure sensors of the type we are considering have been reported in a variety of configurations, such as those using modulation of the air gap of a Fabry-Perot interferometer by deflection of a diaphragm, [2] [3] [4] photoelastic modulation of polarization state, 5 interferometric detection of the stress-dependent resonant frequency of an optically excited vibrating beam, 6, 7 and mechanical coupling of a diaphragm and integrated optical interferometer to produce photoelastic modulation of the interferometer optical-path-length difference. [8] [9] [10] [11] [12] Here we use a silicon diaphragm anodically bonded to a glass substrate with a cavity previously etched into it. The surface of the silicon diaphragm and the glass-air interface form reflectors for the Fabry-Perot cavity. This configuration is very rugged and, with the sturdy packaging we utilize to hold the sensing element and the fiber delivering light to the Fabry-Perot cavity, allows our configuration to both survive and maintain operation in a simulated propulsion environment such as an experimental shock tube. Previously there has been some work involving optical fiber sensors being utilized to characterize engine and wind-tunnel environments. [13] [14] [15] In what follows we present a detailed design of the sensor-element configuration, details of the fabrication and packaging of the sensor element and optical fiber, a description of the optical detection scheme, and both static and dynamic experimental results, the latter obtained in a shock tube.
Sensor and Package Design
The configuration of the individual MEMS-optical-fiber pressure sensor consists of a glass plate with a shallow cylindrical cavity etched into one surface and a thin silicon diaphragm that covers the cavity, as shown schematically in Fig. 1 . In Fig. 1 the position of the diaphragm deflects in response to pressure. A hole from the bottom of the plate to the cavity can be included if a relative-pressure sensor is needed. When we have included such a hole, it has been convenient to connect it to a second cylindrical cavity that has a small connection to the pressure-sensing cavity. Light is introduced into the pressure-sensing cavity from an optical fiber through the glass and propagates perpendicular to the diaphragm-cavity interface ͑Fig. 1͒. The silicondiaphragm-cavity interface reflects most of the light, and the cavity-glass interface acts as the second reflector, thus forming a Fabry-Perot interferometer. Pressure causing the thin Si diaphragm to move changes the separation between reflectors. This change in separation results in a different amount of light reflected, and thus measurement of this change of reflected light can be related to pressure. The key design parameters of diaphragm thickness, initial cavity depth, and cavity diameter can be varied to provide linear response over various pressure ranges. Our design software allows us to tune the pressure range and frequency response appropriately for several applications.
In the configuration shown in Fig. 1 , reflected light, after multiple reflections within the cavity, is carried back through the same fiber. The reflectance R is given by 16 Rϭ ͯ r 1
where
and ϭ2͑2h͒/ 0 . ͑2e͒
As seen from Eq. ͑1͒, the reflected light intensity varies periodically as a function of the cavity depth h. The sensitivity is controlled mainly by choosing the diaphragm thickness, as this thickness determines how much deflection results from a given amount of pressure. As noted earlier, deflection corresponds to a cavity length change and hence a change in reflected light intensity. We modeled the top diaphragm surface as a circular membrane. The deflection of the diaphragm due to the application of pressure P is thus given by 17, 18 
where r is the distance from the center of the plate, w r is the deflection at r, w c is the deflection at rϭ0, P is the normal pressure, R 0 is the radius of the diaphragm, ␥ is Poisson's ratio for silicon, E is Young's modulus, and t is the diaphragm thickness. To avoid ambiguities, the maximum diaphragm deflection is typically restricted to values corresponding to a single value of light intensity, that is, a deflection of 0 /4, where 0 is the operating wavelength. However, we wish to design the cavity so that at zero pressure or zero diaphragm deflection, the reflectance R in Eq. ͑1͒ takes on the average value of its sinusoidal variation. This ensures optimum linearity in pressure response, but for a positive pressure range, the maximum deflection was restricted to 0 /8 to provide a single-valued relation between reflected light intensity and pressure. Thus, the pressure that causes a deflection of 0 /8 is given by
As can be seen from the above equation, the thickness and the diameter of the diaphragm are crucial parameters for sensor design. A maximum deflection of 0 /4 could be chosen for positive pressure ranges only, thus increasing the range of nearly linear response. We initially designed pressure sensors to respond over the pressure range 0 to 30 psi, to operate at 0 ϭ850 nm, and chose R 0 ϭ300 m as a size compatible with testing and fabrication. For this maximum pressure and diaphragm radius, Eq. ͑4͒ implies that the diaphragm thickness of t ϭ26.2 m will provide 0 /8 deflection at the maximum pressure. We thus fabricated a diaphragm having thickness close to this value.
There are several constraints in choosing the depth of the etched cavity in the glass wafer. First, it must be greater than the maximum diaphragm deflection 0 /8. To avoid ambiguities that could arise through use of a broadband light source, it should be sufficiently small to yield a cavity free spectral range 19 somewhat greater than the LED line- width of 100 nm. A free spectral range of 100 nm corresponds to a cavity depth of Ϸ4 m, so we are able to choose a value smaller than this, but not so small as to reduce the pressure sensitivity. Also, we chose the cavity depth to be somewhat larger than 0 /8 to avoid the possibility of the diaphragm bonding to the bottom of the cavity during fabrication. Finally, we wish the zero-deflection point to correspond to the mean value of the reflectance R in order to provide maximum linearity; we thus chose h ϭ0.53 m.
Fabrication of Sensor Elements and Packaging
Microfabrication methods were used to fabricate the pressure-sensor elements. Figure 2 shows the processing steps used during the fabrication process. The process was initiated with a standard fused-silica wafer polished on both sides that was patterned to form a series of cavities for the Fabry-Perot interferometer. Standard photolithographic and etching techniques were used for this process. A silicon wafer polished on both sides was then electrostatically bonded to the patterned glass wafer. Bulk etching techniques were then used to thin the silicon wafer down to the desired diaphragm thickness. Finally, for initial evaluation, the sensors were separated using a standard dicing saw. The glass-diaphragm structure and the fiber are mounted in a sturdy Lexan or aluminum package, which is able to maintain their proximity to each other in the presence of harsh external environments. Figure 3 shows the package configuration for both a differential and an absolute sensor configuration. The packaged sensors were then placed on a mounting assembly suitable for static and dynamic testing.
Optical Detection Scheme
A broadband light-emitting diode ͑LED͒ centered at 850 nm was used as the illumination source for the sensor. Because reflectivity is a function of wavelength and changes with pressure, the reflected light from the sensor appears to be spectrally shifted by external pressure. A ratio signal from the two detectors was used to detect the spectral shift, as shown in Fig. 4 . The light was routed to the sensor through a 2ϫ2 coupler. The reflected light was collected back through the same fiber and routed to a second 2ϫ2 coupler that was used to split the reflected light into equalintensity portions. One portion of the divided signal was terminated onto a photodetector, and the other was terminated onto a broadband bandpass optical filter and a photodiode combination. The ratio of the outputs of the two photodetectors was used as the measure for the sensed parameter. The sensor output is measured by the ratio of V S1 and V S2 , where V S1 is the output of the photodetector with the bandpass filter and V S2 is the output of the second photodetector with no filter. The output of the LED is monitored using the ratio of the outputs from a similar pair of photodetectors, V L1 and V L2 . In this paper, the sensor signal thus is the ratio V S1 /V S2 and the LED signal is the ratio V L1 /V L2 . Use of the ratio causes many variations and drift effects to divide out of the final result. Currently the division is performed in software, but the incorporation of an analog divider into the detection circuitry is currently in progress. Detailed analytical evaluation of this detection configuration indicates that the ratio signal can provide a linear response to pressure over a substantial range for practical sensor parameters.
A key element in this detection method was the ability to ensure integrity of output characteristics for the LED and the photodiodes. Small changes in environmental conditions can cause changes in the output similar in magnitude to those produced by the change in pressure on the FabryPerot cavity. The LED and photodiodes were maintained at a constant temperature with a thermoelectric cooler assembly that is continuously monitored. A multimode 100-140-m fiber was used for the light connections to and from the sensor.
Experimental Results
Fabricated absolute-pressure sensors were tested under a variety of operating conditions. These sensors were fabricated with hϭ0.53 m, R 0 ϭ300 m, and tϭ26.2 m.
Initial tests of the sensors were detailed calibration runs over a pressure range of 0.5 to 30 psi, since the sensors were designed for a full-scale reading of 30 psi. The output from the photodetectors connected to the sensor and the LED were recorded with a computer-based data acquisition system as a function of pressure. The pressure was also monitored with a pressure calibrator. One hundred samples were taken at each pressure value. Figure 5͑a͒ shows a plot of the sensor signal as a function of pressure, each point being an average of the 100 readings acquired. The data show a steady, monotonic, nearly linear variation with pressure, whereas the LED signal remains constant, as expected. The sensor sensitivity corresponding to the photodiode signal voltage associated with the data in Fig. 5͑a͒ is  1 .77 mV/psi, a value within a factor of 2 of what is estimated from the design and the power level utilized. Similar data acquisitions were performed over several cycles to ensure no drift occurred in the readings. Figure 5͑b͒ shows a plot of the standard deviation for each of the detector outputs divided by the mean. As seen from this plot, the scatter in the data was less than 0.25%. The individual pressure sensor was then tested for its dynamic response in a shock-tube facility. Figure 6 shows a schematic of the shock tube facility at Wright State University that was used to perform the testing. This facility is designed for dynamic calibration of pressure transducers for turbomachinery applications. 20 The shock tube was utilized to generate a total pressure rise at the sensor of 10.6 psi according to 1D compressible-flow theory. The rise time is estimated to be about 10 ns, based on measurements characterizing a similar system. 21 A total of five separate runs were used; the frequency-domain results presented here correspond to the transfer function observed. Figure 7͑a͒ shows a typical time trace of the response of the detector due to the shock wave. A sharp response to the shock-wave pressure rise is immediately noticeable. The sensor shows some overshoot before reaching a constant output. The pressure step magnitude is about 10 psi, as expected from the theoretical calculation. The response before and after the shock wave is noise associated with the shock-tube system.
A frequency-response function analysis is performed by taking the cross spectral density function of the input to output and the auto spectral density function of the input. The number of data used in the analysis is 4096, and the frequency resolution increment is 1.22 kHz. The response of the sensor and the ideal step inputs are weighted with an exponential window to suppress the leakage of frequency spectrum due to taking an incomplete cycle. Figure 7͑b͒ shows a plot of the average frequency response. The plotted line shows the averaged response from multiple samples. A high peak at 140 kHz was apparent in the results.
During the sensor design phase, calculations of the frequency response characteristics were performed, based on a vibrating circular diaphragm. These calculations were based on the mechanical properties of the diaphragm material ͑silicon͒ and the vibration characteristics of a circular flat plate. They indicated resonance frequencies in the megahertz range for the sensor, due to its small size and diaphragm thickness.
The measured response of the sensor, on the other hand, depends not only on the response characteristics of the sensor, but also on the response characteristics of the electrooptical components in the system: a LED operating in the continuous-wave mode, and silicon pin photodiodes coupled with amplifiers. The time-varying data were acquired by sampling the integrated photodetector-amplifier units. Thus the response of the sensor system is a combination of the sensor response and the sampled detectoramplifier response, which for components used in this work was limited to 210 kHz. Based on this limitation, we infer that the overall response of the sensor is currently limited by the detector response.
An encouraging result of these dynamic calibration tests is the usable frequency of the fabricated sensor. The flat response of the sensor extends up to 30 kHz. The response characteristics compare favorably with current and devel- oping sensor technologies. Furthermore, the sensor has an adequate unsteady-pressure measurement capability for high-speed propulsion applications, such as for gas turbines. 20 
Summary
Pressure sensors utilizing MEMS technology for fabrication of the sensing element and interrogation by fiber optics have been described. These elements have been designed so that they can readily be incorporated into a pressuresensor array. We have demonstrated that these optically interrogated MEMS devices survived and operated in a shock-tube environment, inferring they may be suitable for many propulsion applications involving harsh environments. Experimental results for static pressure tests and dynamic pressure tests carried out in a shock tube demonstrate pressure sensitivity close to that predicted by design, nearly linear response with respect to pressure, and fast response.
